Visual spatial attention has been shown to influence both contrast detection and suprathreshold contrast perception, as well as manual and saccadic reaction times (SRTs). Because SRTs are influenced also by stimulus contrast, we investigated if the enhancement of perceived contrast that accompanies attention could account for the shorter SRTs observed for attended targets locations. We conducted two dual-task experiments to assess psychophysical and oculomotor responses to non-foveal targets of various contrast for different spatial-attentioncueing conditions. Cues were either: valid, an arrow at fixation pointing in the direction of the upcoming target; invalid, an arrow pointing in a different direction from the target; or neutral, a small circle instead of an arrow. In both experiments, subjects were instructed to make a saccade to the location of a subsequent, briefly flashed target. In the first experiment, the psychophysical judgment was a two-alternative-forced-choice (2AFC) contrast-detection task, in which subjects reported whether the flashed target was at a near (3°) or far (6°) eccentricity. In the second experiment, the judgment was a contrast matching task, in which subjects reported whether the target's contrast was higher or lower than a remembered standard contrast. The results exhibit a robust, ∼40-50 ms reduction of SRTs with a valid compared to an invalid cue. Cueing effects on contrast detection and matching were small and inconsistent across subjects. Hence, the observed decrease in SRTs could not be accounted for fully by an enhancement in the target's effective contrast due to attention, as attended and unattended targets that were equally detectable or were perceived to have the same suprathreshold contrast showed substantial differences in SRT.
Introduction
Visuo-spatial attention refers to a covert process that leads to an enhancement of sensitivity or awareness favoring one region of visual space over another. Studies of this phenomenon generally rely on a cueing paradigm to direct attention to a location (Bashinski & Bacharach, 1980; Lu & Dosher, 1998 , 2000 Posner, 1980) where the stimulus is most likely to occur. Studies have used different stimulus features like spatial frequency (Abrams, Barbot, & Carrasco, 2010; Carrasco, Loula, & Ho, 2006; Carrasco, Williams, & Yeshurun, 2002) , contrast (Ling & Carrasco, 2006; Cameron, Tai, & Carrasco, 2002; Carrasco, Fuller, & Ling, 2008; Pestilli & Carrasco, 2005) , or orientation (Lu & Dosher, 1998) to determine where attention is allocated. The comparison of sensitivity for attended and unattended targets requires occasional presentations that are not at the cued location (invalid-cue trials), with the assumption that attention is deployed instead to the higher-likelihood cued location.
When visuo-spatial attention is deployed to the target's location (valid cue), the time taken to respond to a change or the sudden appearance of a stimulus, either with a saccadic eye movement or a manual response, is much faster than when the target appears at an unattended location (Katnani & Gandhi, 2013; Kowler, Anderson, Dosher, & Blaser, 1995; Posner, 1980) . Visual attention and eye movements are deeply interconnected with each other because, together, they serve as tools to scan the visual scene and facilitate the processing of relevant visual information (Kowler, 2011) . Hence, attention is thought to be associated with an oculo-motor plan to shift gaze to the attended location. When a stimulus is presented in an unattended location there is an attentional cost (an increase in manual reaction time, MRT) that presumably involves first the cancelation and then a reprogramming of the manual movement response (Rizzolatti, Fogassi, & Gallese, 2001; Rizzolatti, Riggio, Dascola, & Umilta, 1987) .
Attention and stimulus-feature enhancement
Orienting cues such as an arrow or the sudden flash of an eccentric stimulus have been used to direct and deploy observers' attention to a particular location in space (Posner, 1980) . Feature-based cues (orientation, color, spatial frequency, motion processing, and direction of motion) have been used extensively in visual search (singleton and conjunction) paradigms to indicate the relevance of one or a combination of specific stimulus features (Eriksen & Schultz, 1979; McElree & Carrasco, 1999; Muller, Heller, & Ziegler 1995; Treue & Maunsell, 1996) . Two types of attentional shifts have been identified, depending on the factors that modulate the deployment of attention: (1) for exogenous attentional mechanisms, the salience of the visual stimulus itself captures attention; and (2) for endogenous mechanisms, attention is directed either by an instruction or a symbolic cue. Exogenous attention is thought to be involuntary and transient; it gets deployed at the cued location close to 50 ms post cue presentation and its effect decays quickly (100-120 ms). Endogenous attention is thought to be voluntary or goal driven, involving the observer's expectations and prior stimulus probabilities. It has a slower time course, taking about 300 ms to deploy to a location (Nakayama & Mackeben, 1989) and does not decay quickly. Attention to a spatial location is found to enhance perception at that location relative to other unattended locations, but the mechanism by which attention enhances the features of a stimulus is still debated (Carrasco, 2011; Lu & Dosher, 1998 , 2000 . Suggested mechanisms include signal enhancement (Ling & Carrasco, 2006; Lu & Dosher, 2000) , exclusion of extraneous information (Lu & Dosher, 1998) , and a change in the response criterion (Prinzmetal, McCool, & Park, 2005; Schneider, 2011; Schneider & Komlos, 2008 ).
Attention and eye movements
Although one can focus attention in the periphery without shifting gaze, a phenomenon called covert attention, attending to an object and foveating that object usually are intimately linked (Kowler, 2011; Kowler et al., 1995) . Numerous studies addressed the connection between attention and saccade planning. These studies suggest that covert attentional shifts are antecedent to saccades, so that attention is already at the saccade goal even before the saccade is executed (Deubel & Schneider, 1996; Deubel, 2008; Rolfs & Carrasco, 2012) . SRTs are shorter for trials on which attention is deployed in advance to the saccadic goal (valid-cue trials) and are longer for trials on which the presumed locus of attention and the saccade goal do not match (Kowler et al., 1995) . Better perceptual identification also is reported to occur at the saccadic goal compared to other locations (Hoffman & Subramaniam, 1995; Gersch, Kowler, & Dosher, 2004; Kowler, 2011; Kowler et al., 1995; Gersch, Kowler, Schnitzer & Dosher, 2009; Khan, Heinen, & McPeek, 2010) . Various imaging and neurophysiological studies indicate that there is a good amount of overlap between the neural substrates that serve attention and eye movements (Basso & Wurtz, 1998; Corbetta, 1998; Corbetta et al., 1998; Goldberg, Bisley, Powell, & Gottlieb, 2006; Katnani & Gandhi, 2013; Katyal & Ress, 2014; Krauzlis, Lovejoy, & Zenon, 2013; Schall, Purcell, Heitz, Logan, & Palmeri, 2011 ).
Saccades and contrast sensitivity
While attention is known to influence saccadic reaction time, another significant factor is the visibility of the saccade target. For example, SRTs decrease with increasing target contrast, particularly within the range of low and medium contrasts (Felipe, Buades, & Artigas, 1993; Ludwig, Gilchrist, & McSorley, 2004) . This effect is shown schematically in Fig. 1 . The LATER model (linear approach to threshold with ergodic rate) is an empirical model used to explain the observed variability in reaction times (Carpenter & Williams, 1995; Schall et al., 2011) . The model accounts for the latency of a saccade on any trial, based on how quickly the signal produced by the stimulus builds up from a baseline level to achieve a threshold, at which time a saccade is elicited. Low contrast stimuli produce relatively long latency saccades because these stimuli require a longer integration time to reach the threshold level (Reddi, Asrress, & Carpenter, 2003) .
As both attention and contrast have been shown to influence SRT, we ask here if the effect of attention might be accounted for by an enhancement of effective contrast prior to the stage of saccade planning and execution. We used an endogenous cueing paradigm with dual motor and psychophysical tasks to measure both SRTs and perceived contrast simultaneously.
We started our investigation with the hypothesis that attention enhances effective contrast equally at all contrast levels and that the effect of attention on SRTs should be equivalent to a shift along the contrast axis. Fig. 1 (left) illustrates this prediction schematically. Alternatives are a pure latency shift, resulting in a uniform shift along the SRT axis (middle), or a combined effect of attention on the effective contrast and latency (right), which also are illustrated.
We conducted two experiments to test the hypothesis that attended and unattended targets with equal visibility will produce identical SRTs (i.e. attention-induced contrast enhancement, as measured psychophysically, accounts for the concurrent decrease in SRTs).
Experiment 1: Effect of attention on contrast threshold and SRTs

Methods
Subjects
Subjects included 3 authors and 4 other individuals who were naive to the specific research question addressed. All subjects had correctedto-normal acuity and normal ocular motility. Subjects gave signed informed consent to participate and all procedures were approved by the University of Houston Committee for the Protection of Human Subjects. The research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Eye movement recording
Eye position was recorded during the experiments using a binocular Generation V dual Purkinje image eye tracker (www.wardelex.com) with the stimulator attachment in place (Crane & Steele, 1978 , 1985 . Left-and right-eye horizontal and vertical eye positions were sampled in synchrony with the display frame rate of 120 Hz.
Stimulus display
Targets were displayed on an Image Systems monochrome multisync CRT display with fast phosphor (www.imagesystems.com). The display area subtended 36 × 28 degrees at the optical viewing distance of 57 cm, with a resolution of 25 pixels /deg and a frame refresh rate of 120 Hz. Stimuli were produced using a VSG2-3 video card from Cambridge Research Systems (www.crsltd.co.uk) with custom software written in Microsoft Visual Basic. This system provides 12 bits of gray scale resolution after linearization. Background luminance was 40 cd/ m 2 . The display included a black central fixation circle of 0.2 degrees in diameter surrounded by an outer black concentric ring of 0.5 degrees. The target was a raised-cosine windowed, peak-centered concentric sinusoidal grating that looked like a 'bull's eye' (Fig. 2) . This target was presented at either 3 or 6 deg eccentricity. The spatial frequency and the visual angle subtended by the target patches (including the cosine window) were 2.2 cpd and 3.63 deg, respectively, at 3 deg eccentricity, and 1.4 cpd and 5.84 deg at 6 deg eccentricity. These values were chosen to produce targets of similar effectiveness based on published values for the cortical magnification factor (Cowey & Rolls, 1974) . The target could appear in any one of 16 locations, comprising 2 eccentricities and 8 directions from the fixation stimulus.
A central black arrow served as the endogenous cue to direct attention. The arrow indicated one of the eight target directions but did not indicate the target eccentricity. In the experiment, the direction cue was valid on 75% of the trials and equally often invalid or neutral on the remaining 25% of the trials. Subjects were instructed to binocularly fixate on the central fixation target and not to make any eye movements upon target presentation. Each target was presented for 8 ms at 1 of 2 eccentricities, on 1 of 8 meridians and with a contrast ranging from 1 to 100%. Targets flashed once every second and no cueing was used to indicate direction. Subjects were provided with a button box, which was used to adjust the contrast of the flashed targets until they could just barely be detected. Twenty repetitions of this task yielded a single estimate of the subject's contrast threshold across 8 target meridians and for both target eccentricities, which then provided a subject-dependent midpoint for the range of contrasts to be used in the next phase of the experiment. The total time taken for this portion of the experiment was approximately 15 min. Fig. 1 . Illustrations of three hypotheses. SRTs are plotted as a function of contrast for valid (blue) and invalid (red) cueing. The hypothesis tested in our first experiment is that the influence of attention on SRT is equivalent to a contrast shift (left illustration). If so, then the effect of attention on the contrast threshold would be equivalent to the effect of attention on SRT. Alternate hypotheses of an effect of attention purely on saccade latency (middle) or a combination of both a reduction of the contrast threshold and a direct effect on saccade latency (right) are also illustrated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Sequence of events for a trial in experiment 1. On 87.5% of trials a centrally fixated arrow served as a cue to the target's direction but not its eccentricity. A circular grating patch with one of 9 (or 7) contrasts appeared for 8 ms in one of 8 directions and at one of two eccentricities. Subjects initiated each trial with a button press, made a saccade to the target location, and reported with a second button press if the target had been 'near' or 'far.' The arrow cue was valid for 75% of trials and invalid for 12.5% of trials. A neutral cue (shown in the rightmost part of the upper panel) appeared on the remaining 12.5% of trials.
M.S. Mahadevan et al. Vision Research 143 (2018) 89-102 2.2.2. Contrast detection threshold obtained by the method of constant stimuli The experimental set up in this phase was like the previous one except for the addition of a cueing paradigm and a set of fixed contrast levels. On 87.5% of trials, a small arrow appeared in the center of the screen along with the fixation target, providing a cue meant to guide visual attention to one part of the screen. The cue indicated only the direction (1 of 8) but not the eccentricity (3 or 6 degrees) of the upcoming target presentation. On the remaining ("Neutral") 12.5% of trials, a circle that surrounded the fixation target was presented, providing no information about where the target would appear. The cue (arrow or circle) was presented continuously until the subject pressed a button to initiate the trial. The arrow cue indicated the target direction correctly ("Valid") on 75%, and incorrectly ("Invalid") on 12.5% of trials. All the subjects were pre-informed about the proportions of valid, invalid and neutral cues and were asked to pay attention to the cued direction on every non-neutral trial. Each target was presented for 1 frame (8.33 ms) with a Michaelson contrast that ranged from 2 to 86% across subjects. The range of contrast levels used was different across subjects, according to each subject's contrast threshold as determined by the method of adjustment.
When the subject pressed the button to initiate the trial, the saccade target was shown for one video frame at one of 9 contrast levels after a variable delay of 300-400 ms. Subjects shifted gaze to the location where they perceived the target to have appeared and then pressed a button to indicate if it had been at 3 or 6-degree eccentricity, regardless of direction. Subjects were instructed to make a saccade only if the target was seen, but were required on every trial to respond with a button press to indicate the eccentricity. Fig. 2 illustrates the sequence for valid, invalid and neutral cueing trials. Each trial lasted for approximately 1-1.2 s, during which the subjects made a saccade to the location where the target flashed, then made a psychophysical response to report eccentricity. Once the buttonpress response was registered, the next trial was initiated with another button press. There was a total of 3600 trials for this experiment for each subject except HEB. The initial contrast threshold estimate for subject HEB was relatively high at 30%, limiting the number of presented contrast levels to 7 instead of 9. For this subject, there were 2800 trials.
Analysis of eye movement data
The eye-velocity signal was calculated as the product of change in eye position between temporally adjacent samples and the sampling rate. The onset of a saccade was determined using a computer algorithm that employed a velocity criterion of 50 deg/s. The time between target offset and saccade onset is considered to be the SRT (resolution limited by the sampling rate of the eye tracker, which was 8 ms). In Fig. 3 , the left panel shows one subject's eye-movement traces for the valid (blue) and the invalid (pink) cueing conditions. The right panel shows the eye-movement traces for saccades made towards targets of two different contrast levels, 86% (blue) and 30% (green). In each panel, the cumulative distribution of saccade latencies is depicted below the eye-movement traces.
Eliminated trials
Trials that included an eye blink between 200 ms before the target presentation and the time of target presentation were eliminated. Trials on which anticipatory saccades occurred, i.e. between100 ms before target presentation and 100 ms after the time of target presentation also were eliminated from the data analysis. Finally, trials on which the SRT was longer than 700 ms or on which no saccade occurred were not retained for analysis.
Results
SuperANOVA software (Abacus Concepts, Berkeley CA) was used to perform repeated measures ANOVAs on median SRTs and contrast thresholds independently. Main effects on SRTs of cue type (F df=2,12 = 22.43, p = .0002), contrast (F df=3,18 = 10.80, p < .0128) and eccentricity (F df=1,6 = 61.13, p = .0002) were significant. We did not detect a statistically significant effect of either cue or eccentricity on the relationship between contrast and SRT.
Averaged across eccentricities and contrasts, SRTs for invalid and neutral cue trials were, respectively, 53 ms and 22 ms longer than for valid cue trials. SRTs to targets at an eccentricity of 6 deg averaged 34 ms shorter than to targets at 3 deg. As expected, SRTs decreased systematically as the target contrast increased, by an average of 74 ms for the range of contrasts over which subjects reliably made saccades.
ANOVA also revealed a significant main effect of cue type on the subjects' contrast thresholds (F df=2,12 = 12.82, p = .0164). Mean contrast thresholds for valid, invalid and neutral cue conditions were 18.4%, 21.0% and 20.5% respectively.
Oculomotor responses
The influence of cue type and target contrast on SRTs is illustrated in Fig. 4 . SRTs decrease monotonically with increasing target contrast, with a reduction in the (negative) slope of this relationship as the contrast increases. The data in Fig. 4 indicate that the cue effect is robust across all subjects, as the time taken to direct gaze toward a target in a valid cue location is uniformly shorter than to a target in an unattended location. It is noteworthy that the SRTs for the valid cue condition are uniformly lower than for the invalid and neutral cue conditions across the entire range of tested stimulus contrasts. A bootstrapping technique (Green & Lute, 1975 ) was used to determine the 95% confidence interval for the estimated slope and threshold parameters of each subject's Weibull-functions for each cue condition. The threshold was estimated at 82% correct response. Across subjects, the difference between the estimated contrast thresholds in the valid vs. invalid cueing conditions ranged from a negligible increase of 0.002 (subject SKR) to a significant reduction of 0.091 (subject SBS) log units. Although valid cueing reduces the contrast threshold (Table 1) , the magnitude of this reduction was not significant for all subjects. No systematic change was observed in the slopes of the psychometric functions for the different cueing conditions. Table 1 shows the difference in contrast thresholds between the valid and invalid cue conditions for the different subjects. Subject SKR and JM show no significant effect of cueing. All the other subjects show significant effect of cueing.
Psychophysical responses
Discussion
We observed a small but inconsistent decrease in the psychophysical contrast threshold with valid compared to invalid cueing. Although the uncertainty is greater in invalid contrast threshold, with combined variance, the effect size is significant for five out of seven subjects. In the five subjects who exhibited this effect, the average magnitude was approximately 0.072 log units, similar to that reported in previous studies (Bashinski & Bacharach, 1980; Lu & Dosher, 1998; Rolfs & Carrasco, 2012) . Among the 7 subjects, the magnitude of the cueing effect was not significant in one and either absent or reversed in another.
The oculomotor effect of attention, on the other hand, was clearly large and robust. Saccades made to a valid cue location were executed with significantly shorter SRTs compared to those made towards an unattended location. The reduction in SRTs for valid cue trials compared to the invalid cue ones was on average ∼50 ms across target eccentricities, contrasts, and subjects. This result concurs with previous studies (Kowler et al., 1995; Rizzolatti et al., 1987; Hoffman & Subramaniam, 1995; Gersch et al., 2004; Kowler, 2011; Gersch et al., 2009; Deubel & Schneider, 1996; Deubel, 2008) , which reported that saccades occur most quickly when attention is directed to the saccadic end point.
To evaluate the angular dependence of the cueing effect, Fig. 6 plots the relationship between SRT and the angular difference between the cued and actual target directions on invalid-cue trials. In this figure, the mean SRT for invalid cue locations is normalized by subtracting the valid cue SRT. In the invalid cue condition, the maximum cost in SRTs is observed when the (invalid) cue and the target meridians are 180 degrees apart. The cue angle at which the cost on SRT falls to 50% of the maximum effect, i.e. the "half width," appears to vary between subjects, but the average value may be on the order of 90 deg. Fig. 7 (a, c) and (b, d) shows the saccade landing positions, during valid-and invalid cue trials, for targets at different eccentricities and directions across 9 contrast levels for subjects SKR and SBS. Across both cue conditions, saccadic accuracy (with respect to target direction) increases with contrast. It is clear that the saccadic accuracy is better on the valid cue trials compared to the invalid cue trials. As 75% and 12.5% of the total trials were valid and invalid, respectively, the plots in Fig. 7 include many fewer trials in the invalid cue condition.
In this first experiment the null hypothesis was that attended and unattended targets of equal visibility will produce identical SRTs. That is, once the reduction in contrast threshold due to cueing is considered, no difference in SRT should exist. However, Fig. 8 illustrates that effective contrast accounts for very little of the cueing effect on SRT. In the figure, the SRT vs. contrast data for valid and invalid cueing was normalized to the contrast threshold for each cueing condition for each subject, i.e. by subtracting the log contrast threshold for the valid and invalid cue conditions from the log stimulus contrast, respectively. The value of each subject's SRT at the valid-cue contrast threshold was estimated using linear interpolation. The SRTs for each subject were then normalized by subtracting the interpolated SRT at the valid-cue contrast threshold from the other contrast levels. The plot therefore shows relative SRTs after the cue-related differences in the contrast threshold are removed. The simple hypothesis that the contrast enhancement produced by valid cueing accounts for the changes in SRT in the different cue conditions predicts that the curves for valid and invalid cueing (solid and dashed lines of the same color, respectively) should superimpose. It is evident, however, that the SRTs for invalid cue trials (dashed lines) are uniformly higher than on valid cue trials (solid lines), even when expressed in terms of contrast-threshold multiples (see Fig. 8 ).
2.7. Estimating the amount of effective contrast and latency shift to explain shorter SRTs with cueing, using the Pieron function
We hypothesized that with attentional deployment at the saccade goal, there is an enhancement of perceived contrast at that location, which is responsible for a reduction in SRTs. Fig. 8 shows clearly that an enhancement of perceived contrast is insufficient to account for the cuerelated reduction of SRTs. We can then ask what portion of the decrease in SRTs at the attended location (i.e., at the saccadic goal) may be accounted for by an enhancement of perceived contrast vs. a facilitation of oculomotor processing?
To estimate these separate effects of cueing for each subject, we fit the median saccadic reaction time for each contrast level in the valid and invalid cueing conditions using the Pieron function (Pins & Bonnet, 1996; White, Kerzel, & Gegenfurtner, 2006) . The Pieron function describes the decay of reaction times as a function of stimulus intensity or, in the context of our experiment, contrast. Please refer to Fig. 1 that illustrates the effect of contrast and cueing on SRTs. (1) β is a scaling factor for contrast, producing a variable shift of the data along the log contrast axis, c = stimulus contrast, α is an exponent that stretches or compresses the fitted function on the log contrast axis, and t 0 is a constant offset in latency.
For the fitting, we fixed α at 2 for all subjects and used the Microsoft Excel Solver add-into find the best fitting values of β and t 0 using the GRG nonlinear method. We fit only the SRTs for four highest contrast levels for each of the seven subjects, to avoid levels where targets were at or near contrast threshold (Fig. 9) . Example eye-movement traces of the same subject to show the effect of target contrast on SRT. In this case cueing was valid for all saccades, the target direction was rightward, the eccentricity was three degrees and the contrast was either 30% (green) or 86% (blue). The bottom plot shows the cumulative latency distributions, revealing longer latency for the lower contrast target. Circles on the top plots indicate the identified saccade onset times. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) M.S. Mahadevan et al. Vision Research 143 (2018) [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] Across the seven subjects the shift on the log contrast axis ( ± 95% CI) between the valid-and invalid cue conditions was 0.13 ( ± 0.07) log units of contrast. Note that the average of the best fitting contrast shifts was larger than the psychophysical threshold shifts for these subjects, but points near contrast threshold were not included in the fits. The average change in t 0 ( ± 95% CI) was 28 ms ( ± 11 ms), Fig. 4 . Mean SRTs plotted as a function of contrast for the three cueing conditions. Error bars indicate ± 1 SEM. The effect of contrast on SRTs is evident in all the cueing conditions for all subjects. In addition, each subject's SRT is reduced by approximately 40-60 ms for all stimulus contrasts in the valid (blue circles) compared to invalid cue (red squares) condition. For the most part, SRTs for the neutral cue condition (green symbols and lines) were between those for the valid and invalid cue conditions. The blue and red vertical dashed lines indicate the contrast thresholds for the valid and invalid cue conditions, determined using a psychophysical task (Fig. 5) . 95% CIs are represented by dotted blue and red lines for the valid and invalid cue conditions, respectively. The grey area in each panel represents the range of subthreshold and just above threshold target contrasts (for SKR and EU), for which there were few if any saccades. The plot in the lower right shows the difference in SRTs across all subjects for the highest 4 contrast levels. These difference functions were obtained by subtracting each subject's SRTs for the valid and invalid cue conditions from the averaged SRT (across subjects) in the uncued condition for the highest contrast level. The error bars indicate ± 1 SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) M.S. Mahadevan et al. Vision Research 143 (2018) [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] indicating that a large upward shift occurred in the fitted functions as well. Because the calculated 95% confidence limits are substantially smaller than the average magnitudes of horizontal and vertical shift, we conclude that shifts along both the contrast and SRT axes are required to account for the difference in SRTs between the valid-and invalid-cue conditions. Indeed, the reduction in SRTs for the valid-compared to the Fig. 5 . Psychometric functions for valid, invalid and neutral cue conditions are shown for all subjects in experiment 1. The error bars on each data point indicate ± 1 SEM. The blue, red and green solid lines are the Weibull functions fit to the results for the valid, invalid and neutral cue trials, respectively. The blue and red vertical dashed lines indicate the contrast thresholds for the valid and invalid cue conditions respectively. 95% CIs are represented by the dotted blue and red lines for contrast thresholds in the valid and invalid conditions. The lower right panel plots the contrast thresholds for the valid and invalid cue conditions for all subjects. The black diagonal line is the 1:1 line, which indicates no effect of cueing on contrast thresholds. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
M.S. Mahadevan et al. Vision Research 143 (2018) 89-102
invalid-cue condition is attributable in approximately equal parts to perceptual contrast enhancement and more rapid motor processing. Our second experiment addressed an assumption implicit in experiment 1 and in the curve fitting described above, that the difference in psychophysical contrast thresholds between invalid and valid cue trials can be used to scale the data for higher, suprathreshold contrasts. It is well established that perceived contrast at suprathreshold levels is not strictly proportional to the magnitude by which the stimulus contrast exceeds the detection threshold (Georgeson, 1991; Georgeson & Sullivan, 1975) . It is possible that attention does not have the same effect on the perceived contrast of a suprathreshold stimulus as it does on the psychophysical detection threshold. Therefore, in experiment 2 we addressed the possibility that attention may enhance stimuli of high contrast differently than those with threshold-level contrast. To investigate this possibility, we repeated the procedure from Experiment 1 with the modification that a suprathreshold contrast-matching task, rather than a detection task, was used to equate perceived contrast in the presence of valid and invalid cues to target location.
Experiment 2
Method
Four subjects participated in the second experiment, including three from Experiment 1. In the second experiment subjects were required to compare the contrast between a standard stimulus presented at fixation and a peripherally flashed stimulus with one of several suprathreshold contrast levels in different cueing conditions. The goal was to compare peripheral targets with valid, invalid, or neutral cueing to a common standard target. Our first task was to find a standard foveal target that was perceived to match the contrast of neutral-cue peripheral targets of 60% contrast. The matching foveal standard contrast was found initially by the method of adjustment individually for each subject, and this value was then used subsequently as a standard for matching peripheral targets in all three cueing conditions. We weren't concerned with the actual contrast of the centrally fixated standard, only that it produced matches in the high suprathreshold range. One complication of using the foveal standard was that it potentially was masked by the fixation target that appeared at the same location. For this reason, we implemented a longer duration than in experiment 1 of the foveal high contrast stimulus to obtain the desired matches.
Estimation of the contrast of the foveal standard stimulus by the method of adjustment
Subjects were asked to fixate on a central fixation spot throughout the course of a trial. With the initiation of a trial an 8 cpd circular grating was flashed at the fovea (3-5 frames), alternating once per second with an 8 ms presentation of a 60% contrast peripheral circular grating (1.4 cpd at 6 deg and 2.2 cpd at 3 deg) at one of the 16 locations used in Experiment 1. The location of the peripheral target varied randomly between successive flashes. The subjects were instructed to adjust the contrast of the central target until it appeared to have the same contrast as the peripherally flashing ones. To enhance the visibility of the central target we used a duration of 3-5 frames (25-42 ms), depending on the subject. The total time taken for this experiment was approximately 25 min.
Point of subjective equality (PSE) obtained by double staircase method
The second phase of Experiment 2 involved a contrast-discrimination task. Except for the contrasts used, the stimuli, cueing, and saccade task were the same as in Experiment 1, but the psychophysical task was now contrast discrimination, in which the subject reported whether the peripheral saccadic target was of higher or lower contrast than the centrally fixated standard. Prior to trial initiation, the foveal standard flashed once per second, briefly replacing the fixation target. The subject was free to view the standard as many times as desired before a M.S. Mahadevan et al. Vision Research 143 (2018) 89-102 trial, to refresh his or her memory of the standard contrast, but in practice did so once or not at all on most trials. A button press caused the flashing standard to be replaced with the fixation target and arrow cue, if present. When ready, the subject pressed the button a second time to start the trial, as in Experiment 1. After a 300-400 ms delay, the peripheral saccadic target was presented for 8 ms and the subject made a saccade to the target's location. The subject then pressed a button a third time to indicate if the peripherally flashed target was of higher or lower contrast than the remembered foveal standard. A double staircase procedure (Cornsweet, 1962) was used to find the PSE for each of the three cueing conditions. Thus, a total of six interleaved staircases was run for each block of trials, each converging on 50% "higher" responses (the PSE). For each cue condition, one staircase started from 100% contrast and the other started from 13% contrast. The contrast-step size was the 4th root of 2 (a factor of ∼1.18) for both staircases. Fig. 10 illustrates the sequence of trial events along with the time sequence.
Results
Repeated measures ANOVA on median latencies showed significant main effects on SRTs of cue (F df=2,6 = 7.996, p = .02) and eccentricity (F df=1,3 = 13.20, p = .0359). The interactions between contrast, cue and eccentricity were not significant. Averaged across eccentricities, contrasts and subjects, the SRTs for invalid and neutral cue conditions were, respectively, 43 ms and 20 ms longer than the valid cue condition. SRTs to targets at an eccentricity of 6 deg averaged 17 ms shorter than to targets at 3 deg. Inspection of the plots in Fig. 11 shows the robust effect of cueing on SRTs as well as the flattening of the SRT curves with increasing contrast.
Oculomotor responses
Cueing had a robust effect on SRTs. Shorter SRTs were observed for the valid cue trials compared to the invalid cue trials at all contrast levels for all the subjects. As in Experiment 1, the differences in the SRT between the valid and invalid cueing conditions corresponded to 43 ms.
Mean SRTs are plotted as a function of contrast across cueing conditions for the different subjects in Fig. 11 . As was observed in Experiment 1 (Fig. 4) , the difference between SRTs for the valid and the invalid cue conditions is robust and the SRTs for the neutral-cue condition are generally intermediate. The effect of contrast (F df=9,27 = 2.934, p = .16) on SRTs is minimal, as indicated by the observation that the SRT curves are either close to flat or turn upward at the highest contrast levels. Because each subject's SRT curves for the different cueing conditions are almost parallel to each other, no amount of shift along the contrast axis can account for the reduction in SRT from the invalid-to the valid-cue condition. In some subjects, there is a tendency for SRTs to go up at the highest contrasts. Note, however, that there are relatively few trials at these highest levels and they correspond to the first few trials of the descending staircase runs and so may be subject to an order effect. Fig. 12 shows the cumulative Gaussian fits to the psychophysical responses for the different subjects. Points of subjective equality (PSEs) were determined for the three cueing conditions. Our expectation was that the PSE for neutral cueing would be approximately 60% contrast. If attention influences perceived contrast at suprathreshold contrast levels, then it is expected that the PSE for the valid cue condition would be less than in the invalid cue condition. This expectation was met for two of the four subjects. The two other subjects had PSE's that were closer to 30% contrast for all of the cueing conditions. For two subjects, the PSEs for valid and invalid cue condition did not differ significantly. For subjects SBS and MM the difference in PSE for valid and invalid cue condition were significantly different. The effect of cueing was in the Fig. 8 . Mean SRTs from experiment 1 are shifted along the horizontal axis to account for the enhancement of contrast in the valid-cue condition due to attention. Solid and dashed lines indicate the valid-and invalid-cue conditions, respectively. Curves also have been shifted along the vertical axis to normalize with respect to each subject's mean SRT for the valid-cue condition at the psychophysical contrast threshold. A horizontal shift of SRTs based on the change in contrast sensitivity between the valid and invalid cue conditions is unable to explain the difference in SRTs for the valid and the invalid cue trials. Only points representing SRTs for targets at or exceeding the psychophysical contrast threshold are shown. Fig. 9 . The plot shows the median SRTs for valid and invalid cue conditions (blue and red curves respectively) decreasing as a function of contrast for subject SBS. The dotted lines in each color are the Pieron fits to the median SRTs. The black solid line is the Pieron fit for the valid cue condition shifted on both the log contrast (beta) and the latency axes, that superimposes on the Pieron fit (red dotted line) and the median SRTs for the invalid cue condition. The black arrow represents the amounts of horizontal and vertical shift of the Pieron fit for the valid cue condition needed to match the fit for the invalid cue condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) M.S. Mahadevan et al. Vision Research 143 (2018) 89-102 expected direction for SBS, i.e. PSE for valid cue is lower than invalid cue condition, but for subject MM the effect was in the opposite direction. We therefore found no consistent effect of attention on suprathreshold perceived contrast.
Psychophysical responses
To study the effect of the angular distance between the cue and the target on SRTs in the invalid cue condition, we normalized SRTs for four angular distances (as computed in experiment 1: see Fig. 6 ) with respect to the valid cue trials. The results (not shown) were inconsistent, as two subjects demonstrated the maximum cost in SRTs when the cue and target meridians were diametrically opposite, and two other subjects did not. This inconsistent effect of angular distance and cue on SRTs could be related to the higher contrast of the targets used in this experiment, which resulted in little contrast-related change in the SRT.
General discussion
Enhancement of target contrast at the attended location cannot account completely for the decrease in SRT that occurs with an endogenous shift of attention. In the first experiment, we confirmed that attention reduces the contrast threshold for targets presented at an attended location compared to unattended ones. A significant decrease in SRTs for saccades directed towards the attended location was also observed. In contrast to the outcome of the first experiment, we did not find a consistent effect of attention on suprathreshold contrast perception in the second experiment but nevertheless found a similar, robust effect of cueing on SRTs.
In the first experiment, the effect of endogenous attention on contrast threshold, averaged across the 5 subjects who exhibited a significant effect was close to 0.07 log units. Ling and Carrasco (2006) assessed the influence of endogenous cueing on orientation discrimination for targets of various contrast levels (similar to ours). They found that a valid attentional cue decreased the contrast threshold by approximately 0.1 log units (estimated from their plots), which is in close agreement with what we observed. Our second experiment was designed to assess the effect of endogenous attention on suprathreshold contrast perception, an effect that we did not find.
Directing attention with a cue necessarily includes uncertainty about spatial attention deployment. Our task asked observers to respond to targets anywhere they appear, but to pay attention in just one direction. The instruction is thus open to an observer's interpretation as to how much attention to allocate to "unattended" locations. The fact that our cuing does not specify the target eccentricity and that our task requires a spatial forced choice response may further induce a spreading of attention. It is reasonable to assume that the effect size one sees from attentional cuing depends on how focused attention is, so it may be that larger effects would have been observed if targets were spatially more localized and cued more specifically. Fig. 10 . Sequence of trial events in experiment 2. A centrally fixated arrow served as a cue to target direction but not eccentricity. A constant-contrast standard circular grating patch was flashed for 25-42 ms (variable across subjects) with an interval of 1 s between repetitive presentations. Once the subject initiated the trial, the standard foveal grating was replaced by the fixation target and the cue (an arrow head or additional circle). With another button press, a circular-grating-patch target with a contrast that varied from trial to trial appeared for 8 ms in one of eight directions and at one of two eccentricities. Subjects initiated each trial with a button press, made a saccade to the target location, and reported with a second button press if the target had a higher or a lower contrast than the foveal standard shown earlier. The arrow cue was valid for 75% of trials and invalid for 12.5% of trials. The neutral cue appeared on the remaining 12.5% of trials.
M.S. Mahadevan et al. Vision Research 143 (2018) 89-102 Previous studies that evaluated the effect of attention on suprathreshold contrast perception have shown effects similar to contrast threshold effects (Carrasco, Ling, & Read, 2004; Anton-Erxleben, Abrams, & Carrasco, 2010; Rolfs & Carrasco, 2012) , although there has been some disagreement on this point (Schneider, 2011) . Carrasco et al. (2004) examined the effect of exogenous attention on suprathreshold contrast perception in an orientation discrimination task. Attentioninduced enhancement of their high contrast stimuli was approximately 0.14 log units. Methodological differences between their study and ours could conceivably explain why we did not find any effect of attention. First, they employed an exogenous cueing paradigm to shift attention, while we chose to manipulate endogenous attention. Second, the standard comparison target used by Carrasco et al. was always displayed along with the test target, which made it possible for the subjects to disregard the uncued target, thereby increasing the effect size. Third, Carrasco et al. always presented targets to the right and left of the fixation point, whereas in our study the target could appear in one of 8 directions and at either of 2 eccentricities, which may have diluted the effect of attentional deployment on suprathreshold contrast perception. Fourth, the study by Carrasco et al. used oriented Gabor patches with a spatial frequency of either 2 or 4 cpd, presented at an eccentricity of 4 deg. In our study, we used targets of 2.2 and 1.4 cpd, displayed respectively at eccentricities of 3 and 6 deg. Hence, our targets are more similar to the lower-spatial-frequency Gabor patches used by Carrasco et al., for which their results suggest a smaller influence of exogenous attention. Finally, a major difference between the two studies was the contrast of the standard target, which was 22% in the study by Carrasco et al. and was judged equal to a peripheral target contrast of 60% in ours. It is plausible that the contrast of the standard target that we chose was high enough that the effect of endogenous attention on perceived contrast reached saturation. Nonetheless, the results shown in Fig. 11 , above, indicate that even the effects reported by Carrasco et al. (2004) and Anton-Erxleben et al. (2010) for targets of suprathreshold contrast are insufficient to account for the robust reduction of SRTs that we found in our Experiment 2 for valid as opposed to invalid cue suprathreshold targets. Rolfs and Carrasco (2012) examined the influence of endogenous cueing on the point of subjective contrast equality (PSE) for suprathreshold targets presented at the saccadic goal at different time intervals before saccade execution. The effect of cueing on the PSE was approximately 0.1 log units. This effect size was close to what we obtained in our first experiment (at the contrast threshold) but not in our second experiment (at suprathreshold contrast). This difference might be attributable to the contrast of our standard target, which was 2.5 times higher than the target contrast used by Rolfs and Carassco. Regardless, the contrast enhancement reported by Rolfs and Carrasco (2012) is not enough to explain the difference in SRTs due to cueing.
Our finding that saccades made towards an attended location are approximately 50 ms faster than those made to an unattended location concur with what has been reported in the literature (Kowler et al., 1995; Rizzolatti et al., 1987; Hoffman & Subramaniam, 1995; Gersch et al., 2004; Kowler, 2011; Gersch et al., 2009 ). Other studies indicated that there is a robust effect of target contrast (Felipe et al., 1993 and White et al., 2006) as well as spatial attention on SRTs. In our first experiment, we replicated the effect of target contrast on SRTs, as we observed a monotonic decrease in SRTs with target contrast in all cueing conditions (Fig. 5) . Because attention also reduces the contrast threshold, we wanted to understand if the attention-induced contrast enhancement can account for the reported reduction in SRT. However, the effect of attention on the contrast threshold was not large enough to explain completely the observed difference between valid vs. invalid cueing on SRTs. In the second experiment, although we did not observe a substantive effect of target contrast on the SRTs to suprathreshold targets, we still found a robust effect of cueing on the SRTs to the same targets. From the results of experiments 1 and 2, we conclude that an attention-based increase in perceived contrast cannot account for the difference in SRTs with valid vs. invalid cueing by itself. Indeed, our results indicate any attention-induced influence on perceived contrast Fig. 12 . Psychometric contrast-matching functions for valid, invalid and neutral-cue trials for the 4 subjects in experiment 2. The blue, red and the green curves are the best-fit cumulative Gaussian psychometric functions for the valid, invalid and the neutral cue conditions, respectively. The error bars on each data point indicate ± 1 SEM. The blue and the red vertical dashed lines indicate the PSEs for the valid and the invalid cue conditions, respectively. Contrast was controlled by a staircase procedure that converged on 50% "higher" responses, so extreme values have many fewer trials than values near the PSE. There is no consistent difference in perceived contrast for the valid and invalid cueing conditions.
(especially for suprathreshold stimuli) can make only a small contribution to the reduction in SRT.
As noted in the Introduction, there is a substantial amount of overlap between the neural substrates that process and mediate attention and eye movements (Corbetta, 1998; Corbetta et al., 1998; Goldberg et al., 2006; Katnani & Gandhi, 2013) . The pre-motor theory of attention is built on this neurological overlap. Better perceptual identification has also been reported to occur at the saccadic goal than other visual-field locations (Kowler et al., 1995; Hoffman & Subramaniam, 1995) . In agreement with the pre-motor theory, attentional deployment to the saccadic goal was found to precede saccadic execution (Deubel & Schneider, 1996; Deubel, 2008; Rolfs & Carrasco, 2012) .
As the effect of attention on target contrast was insufficient to explain why SRTs are shorter for attended compared to the unattended target locations, we propose that much of the observed difference in SRTs for valid vs. invalid cue peripheral targets can be attributed to an effect of attention on motor processing. Specifically, we suggest that the increase in SRTs for targets presented at unattended locations is due to the neurological cost involved in switching attention and planning to make a saccade to a location that differs from the previously attended location. The results of our study therefore are consistent with a link between attention and saccades. However, this link apparently does not depend entirely on an enhanced perceptual salience of attended targets.
